Thermal fatigue cracking may initiate at a T-junction pipe where high and low temperature fluids mix. In this study, wall temperature characteristics at a T-junction pipe were investigated to improve the evaluation method for thermal fatigue. The stainless steel test section consisted of a horizontal main pipe (diameter, 150 mm) and a T-junction connected to a vertical branch pipe (diameter, 50 mm). The inlet flow velocities in the main and branch pipes were set to 0.99 m/s and 0.66 m/s respectively to produce a wall jet pattern in which the jet from the branch pipe was bent by the main pipe flow and made to flow along the pipe wall. The temperature difference was 34.1 K. A total of 148 thermocouples were installed to measure the wall temperature on the pipe inner surface in the downstream region. The maximum of temperature fluctuation intensity on the pipe inner surface was measured as 5% of the fluid temperature difference at the inlets. The dominant frequency of the large temperature fluctuations in the region downstream from z = 0.5D m was equal to 0.2 of the Strouhal number, which was equal to the frequency caused by the vortex streets generated around the jet flow. The large temperature fluctuation was also observed with the period of about 10 s. The fluctuation was caused by spreading of the heated region in the circumferential direction.
Introduction
Thermal fatigue cracking may initiate at a T-junction pipe where high and low temperature fluids flow in from different directions and mix. This phenomenon is called thermal striping. Damage due to thermal striping occurred in a pipe from the regenerative heat exchanger in the Tsuruga Nuclear Power Plant in Japan in 1999 (JAPC, 1999) . Following that, in 2003, the Japan Society of Mechanical Engineers published "Guideline for Evaluation of High-Cycle Thermal Fatigue of a Pipe" to establish and prescribe the design process methodology to prevent thermal fatigue (JSME, 2003) . In particular, the guideline aims at assessing thermal striping at mixing tees and thermal stratification at closed-end branch pipes. The basic processes of thermal striping, as described in this guideline, are the following.
(1) Production of temperature fluctuations in the main flow (2) Attenuation of temperature fluctuations in the boundary layer (3) Attenuation of temperature fluctuations due to unsteady heat transfer effects (4) Attenuation of temperature fluctuations due to heat conduction in structures As a result of the processes, thermal stress is caused by a temperature gradient in a structure and its time variation. It is still difficult to estimate the stress distributions in a T-junction pipe because the unsteady heat transfer coefficient is distributed in three dimensions. The constant unsteady heat transfer coefficient, which includes a conservative margin based on experimental data, is used in the JSME guideline. A stress analysis method in the guideline is also one-dimensional in the wall thickness direction. Hence, if the detailed analysis in three dimensions is conducted, the more accurate data will be obtained. Figure 1 shows a flow chart to estimate thermal fatigue due to thermal striping phenomena (Oumaya,et al., 2008) . It is possible to estimate the time histories of the stress distributions in three dimensions by this flow chart. There are three approaches, designated (1) to (3), to reach the final step.
The heat transfer coefficient is needed in advance when Flow (1) from experimental fluid temperature data is selected. Some experiments have been performed to estimate heat transfer coefficient; for example, the Japan Atomic Energy Agency (JAEA) researchers conducted experiments to investigate the temperature fluctuation in a T-junction pipe. Temperatures in the fluid and structure were measured at 20 positions to obtain spatial distributions of the heat transfer coefficient . In France, an experimental program sponsored by AREVA NP, CEA and EDF was initiated to study the thermal fatigue phenomena in mixing tees that occurred in the Civaux Nuclear Power Plant. Temperatures in the fluid and the structure were measured at 52 positions to obtain the unsteady heat transfer coefficient (Fontes, et al., 2009 ). It is difficult, however, to measure fluid and wall temperatures at many points in three dimensions simultaneously. As a result, the Flow (1) approach in Fig.1 is not enough to estimate accurate thermal stress distributions from measured data yet.
It is also possible to estimate stress distributions by Flow (3) from the fluid-structure coupled numerical simulation. It is difficult, however, to simulate the temperatures in the fluid and wall at the T-junction pipe due to the complexity of the fluid phenomena. Some numerical simulations (Nakamura, et al., 2009 (Nakamura, et al., , 2010 Tanaka, et al., 2010 ; Howard and Pasutto, 2009) for mixing phenomena in a T-junction pipe have been performed. The comparison of velocity and fluid temperature distributions between the numerical simulations and the experimental results has been discussed, but further work should be undertaken to obtain better agreement for fluid temperature. Hence the wall temperature has not been validated by sufficient experimental data yet. The more accurate time history data of three-dimensional wall temperatures are needed to validate the results of the numerical simulations.
On the other hand, it is possible to estimate stress distributions by Flow (2) in Fig.1 from the experimentally measured structure temperature. This approach does not use the heat transfer coefficient and can estimate accurate thermal stress distributions which can be used to validate the fluid-structure coupled numerical simulation method. However, this approach has not been applied to estimate thermal fatigue at a T-junction pipe yet. The authors, therefore, planned to obtain structure temperature data by experiments using a T-junction pipe with many thermocouples in the pipe wall to measure wall temperature fluctuations. The following items are important to estimate thermal stress Fig.1 .
(1) To decide the location of thermocouple measurement points to measure the spatial temperature distribution that can be used to calculate the maximum stress amplitude, because the accuracy of the stress amplitude depends on the interval of the measuring points in the axial and circumferential directions. (2) To decide estimation methods of temperature fluctuations on the inner surface using the measured data, because the attenuation occurs between the pipe inner surface and the measured points. (3) To decide ways to attach many thermocouples near the pipe inner surface to measure accurate temperature fluctuations. The numerical evaluation results and the improved measurement method have been reported to achieve the points from (1) to (3), which were shown as the following results (Miyoshi, et al., 2014) . -A total of 148 thermocouples was installed to measure the temperature on the pipe inner surface near the outlet of the branch pipe and in the downstream region. -The temperature on the pipe inner surface was calculated by the transfer function and the measurement data obtained with the thermocouples. -All the thermocouples were brazed by Ni in a high vacuum furnace into the grooves that were made in the pipe wall.
This paper describes the wall temperature characteristics at a T-junction pipe obtained by water experiments. The wall temperature was measured using the test section and the measurement method which was developed based on above results in order to improve the evaluation method for thermal fatigue. It is important to investigate the variation of the wall temperature distribution which caused the fluctuation of the thermal stress. The temperature fluctuation intensity and the dominant frequency were investigated.
Experimental method and conditions

Test loop
The test loop used was the T-Cubic (Transient Temperature measurement equipment at a T-junction pipe) and a schematic drawing is shown in Fig.2 . This loop consisted of a hot water tank with the capacity of 7 m 3 , a cold water tank with the capacity of 7 m 3 , a mixing water tank with the capacity of 20 m 3 and two pumps with a maximum flow rate of 3.5 m 3 /min. The hot water at 90°C was produced with electric heaters in the hot water tank and the cold water was produced with a heat exchanger and a chiller. The hot water from above and the cold water from the side mixed and flowed into the mixing tank.
The flow straighteners were set at 18D m (D m = inner diameter of main pipe) from the inlet of the horizontal pipe and at 56D b (D b = inner diameter of branch pipe) from the inlet of the vertical pipe. The straighteners consisted of porous plates and a tube bundle. The flow rate was controlled by operating the valves. The fluid temperatures in the inlets were measured with the thermocouples which were installed in the upstream pipe of the flow straighteners. Figure 3 shows a schematic of the test section to measure wall temperature. This test section was made of stainless steel pipes: a horizontal main pipe with an inner diameter of 150 mm and a vertical branch pipe with inner diameter of 50 mm. The edge of T-junction was strict 90° angle where the only burr at the edge was taken off by light-chamfering. The pipe was covered with heat insulator. A cross-sectional diagram showing the region around a thermocouple installed in the pipe is shown in Fig.4 . Sheathed thermocouples (diameter, 0.5mm) were installed near the inner surface to measure the wall temperature. Non-grounded K-type thermocouples were brazed into grooves 0.7 mm deep and 0.6 mm wide on the pipe inner surface. All the thermocouples were brazed by Ni in a high vacuum furnace, because some voids were observed at the corner of the groove when they were brazed at atmospheric pressure (Miyoshi, et al., 2014) . The brazed inner surface was faired by polishing. Figure 5 shows 148 measurement points for wall temperature. The interval in the axial direction was 25 mm in the range from z = -50 to 225 mm. The interval in the circumferential direction was 5° in the range from θ = 0° to 60°. Two thermocouples were installed at z = -150, 600 mm and θ = 0°. Here, z is the position in the axial direction of the main pipe and θ is the azimuthal angle in the main pipe shown in Fig.3 . The origin is the intersection point of each axis of the pipe. The thermocouple positions in axial and circumferential directions were validated in the previous report (Miyoshi, et al., 2014) to calculate the thermal stress amplitude.
Test section
A schematic of the test section to measure fluid velocity is shown in Fig.6 . This test section is made of transparent acrylic resin and consisted of a horizontal main pipe with an inner diameter of 150 mm and a vertical branch pipe with an inner diameter of 50 mm. There was a square shaped water jacket around this T-junction to reduce the influence of refraction at the round pipe wall. Sheathed thermocouples (diameter, 0.5mm) were installed within the inner surface. Grooves 0.7 mm deep and 0.6 mm wide were made in the pipe wall. All the thermocouples were installed in these grooves and brazed by Ni.
Experimental conditions 2.3.1 Velocity measurement
Fluid velocity distribution was measured using the test section shown in Fig.6 and a laser Doppler velocimetry (LDV) system (KANOMAX, Model 8739-S). Nylon resin particles were used as tracer particles, with a 4.1 μm mean diameter and 1020 kg/m 3 density. The number of samplings to obtain a velocity by LDV was about 30,000. The fluid temperatures in the main and the branch pipe were room temperature. Table 1 shows experimental conditions to measure velocity distributions by LDV. The mean cross-sectional velocity is the flow rate divided by the cross-sectional area of the pipe. The fluid velocity distributions in the inlet of the main pipe and branch pipe were measured in cases (1) and (2). Table 2 shows experimental conditions to measure wall temperature. Kamide et al. (2009) showed that flow patterns were categorized as impinging jet, deflecting jet, and wall jet based on the momentum ratio defined by Eq.(1). In addition, they clarified that the flow pattern of the wall jet ( M R >1.35), where the jet from the branch pipe was bent by the main pipe flow and made to flow along the pipe wall, caused higher fluctuation intensity of the fluid temperature near the pipe wall than in other flow patterns. The mean cross-sectional velocity in the inlets shown in Table 2 were set under the condition of wall jet flow case in this study.
The wall temperature was measured with the test section shown in Fig.3 . The measured data were recorded in the multi-channel data logger which had an A/D converter in each channel. The error of the simultaneity for measurement was less than 12.4 μs. The sampling frequency was 50 Hz. This was sufficient to measure the wall temperature fluctuation, because it has been reported that the dominant frequency was at most several Hz under these experimental conditions (Miyoshi, et al., 2014) . The calibration formulas for all the thermocouples were derived with the platinum resistance thermometer under the static water condition to reduce the error of measurement. The error was less than ±0.42 K. 
Estimation method of the temperature on the pipe inner surface from the measured data
The structure temperature on the inner surface is needed to do the heat conduction analysis shown in Flow (2) of Fig.1 . The data measured with the thermocouples were not assumed as the exact data on the inner surface, because the distance between the thermal contact point and the inner surface was 0.45 mm as shown in the right photo of Fig.4 . The method to estimate the temperature on the pipe inner surface using the measured data was as follows (Miyoshi, et al., 2014) . where a, φ and f are the amplitude ratio, the phase delay and the frequency, respectively. The details of the transfer function have been previously reported (Miyoshi, et al., 2014) .
The accuracy of the stress amplitude depends on the interval of the measuring points in the axial and circumferential direction by the thermocouples. The numerical simulations were performed to decide the optimum location of thermocouples. The detail analysis results is described in the reference paper (Miyoshi,et al., 2014) . Figure 7 shows the velocity distributions upstream from the T-junction for cases (1) and (2) Figures 8(a),(b) show the time histories of the inlet velocity at the center axes of the main and branch pipes of the velocity distributions shown in Fig.7 . The time histories were moving averaged for 1s. The velocity fluctuations with a long period, which might be caused by the pulsatile flow of the experimental loop, were not observed in these data. Figure 9 shows temperature distributions on the pipe inner surface for the experimental conditions in Table 2 . The distributions showed the temperature on the inner surface which was estimated from the measurement data by the where T m and T b are the fluid temperatures in the inlets of main and branch pipes shown in Table2. The small black circles show the measurement points. The contour figures were made with the values which were interpolated linearly for the data at the measurement points. The instantaneous temperature distribution showed that the hot jet from the outlet of the branch pipe ( that is, the large black circle ) flowed along the wall. The range from θ = 20° to 30°, which is shown by the red ellipse, had a large temperature gradient in the circumferential direction. On the other hand, the temperature gradient in the axial direction was small. The sampling number N was equal to 8000, where the measuring time was 160 s and the sampling period was 0.02 s. The points (1) and (2) marked the positions where the first and second largest intensities were measured: The T* std values were 0.048 at z = 25 mm, θ = 20° and 0.045 at z = 100 mm, θ = 30°. Kamide et al. (2009) showed that the temperature fluctuation intensity of the fluid near the pipe wall was large in the region from z = 0.5 to 1.0D m . The red area in Fig.9 (b) shows that the temperature fluctuation intensity on the pipe inner surface was large in the region from the outlet of the branch pipe to z = 1.0D m in the present experiment. Figure 10 shows the power spectrum density (PSD) diagrams of the temperature at z = 25mm, θ = 20° and z = 100mm, θ = 30° where the first and second largest fluctuation intensities were observed. The PSD was estimated by the following averaging method to clarify the dominant frequency. The 120 sets of 2048 data were extracted from 8000 temperature data at intervals of 50 data. The 120 sets of PSD calculated with 2048 temperature data during 40.96 s were averaged. The dominant frequencies at z = 100mm, θ = 30° were 3.9Hz marked by the arrow in Fig.10 (b) . In contrast, the PSD in Fig.10 (a) definitely had no dominant frequency. The frequency of 3.9 Hz was equal to the Strouhal number St of 0.2 where it is defined as St = f·D b /V m . Kamide et al. (2009) described that the fluctuation was caused by the vortex behind the jet flow from the branch pipe and its frequency was nearly 0.2 of St. The measurement positions where the dominant frequency of about 4Hz was observed are marked by the red points in Fig.11 . The area of red points shows that the temperature fluctuation, St of 0.2, was caused by the vortex in the region downstream from z = 0.5D m . The result shows that the large temperature fluctuation in the region from the edge of the branch pipe to z = 0.5D m , which is marked (1) in Fig.9 (b) , was not caused by the vortex. Figure 12 shows the time histories of temperature on the pipe inner surface which was normalized by Eq.(4). It seems the large fluctuations might be caused by lower frequency than about 4Hz. Fig.13 shows the time histories of the moving averaged for 1s of the data shown in Fig.12 . By cutting the high frequency data off, this time history shows temperature fluctuations with the period of about 10s. Figures 14 and 15 show the instantaneous temperature distributions at the times of the red circles in Figs The velocity fluctuations with the period of about 10s were not observed in Fig.8 . It is not expected that the temperature fluctuations with the period of about 10s are caused by the pulsatile flow of the experimental loop. Igarashi et al. (2003) showed that the temperature at the pipe inner surface fluctuated with relatively long period ( 1-10sec ) at z = 1D m , θ = ± 30° by using the two thermocouples in the wall jet case of M R = 8.1 and D m = 150 mm, D b = 50 mm which was similar to our experimental conditions. The mechanism of such long time period fluctuation, however, has not been reported at the T-junction pipe yet. The mechanism should be investigated in the future.
Experimental results
Velocity distributions
Wall temperature distributions
Temperature fluctuation characteristics
The thermal stress was mainly classified into the membrane stress and the bending stress. The membrane stress was mainly caused by the hot or cold spot and the bending stress was caused by the temperature gradient in the pipe Fig.11 Measurement positions where the dominant frequencies were observed, marked by the red points. The temperature fluctuation of about 4Hz, which was caused by the vortex, was observed in the region downstream from z = 0.5D m .
Fig.10 PSD diagrams of the temperature distribution on the inner surface of the pipe where the first and second largest fluctuation intensities were observed. The dominant frequency at z = 100mm, θ = 30° was 3.9 Hz, which was equal to St = 0.2.
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1.00E-01 wall. It seems that the membrane stress is dominant at T-junction pipe since the large temperature fluctuations are caused by the spreading of the heated region by the hot jet flow. The reduction of the stress fluctuation in the pipe wall seems small since the period of the temperature fluctuation was long comparatively. The investigation of the stress characteristics will be done by the flow (2) in Fig.1 in the future. 
Conclusions
The wall temperature characteristics were investigated in order to improve the evaluation method for thermal fatigue at a T-junction pipe. The test section consisted of a horizontal main pipe with a diameter of 150 mm and a T-junction connected to a vertical branch pipe with a diameter of 50 mm. The temperature was measured in the test section with 148 thermocouples. The inlet flow velocities in the main and branch pipes were set to 0.99 m/s and 0.66 m/s, respectively, to produce a wall jet pattern where the jet from the branch pipe was bent by the main pipe flow and made to flow along the pipe wall. The following conclusions were obtained. spreading of the region on the inner surface, which was heated by the hot jet flow from the branch pipe, in the circumferential direction.
